Egg activation at fertilization in the sea urchin results in the exocytosis of approximately 15,000 cortical granules that are docked at the plasma membrane. Previously, we reported that several integral membrane proteins modeled in the SNARE hypothesis, synaptotagmin, VAMP, and syntaxin, in addition to a small GTPase of the ras superfamily, rab3, were present on cortical granules (Conner, S., Leaf, D., and Wessel, G., Mol. Reprod. Dev. 48, 1-13, 1997). Here we report that rab3 is associated with cortical granules throughout oogenesis, during cortical granule translocation, and while docked at the egg plasma membrane. Following cortical granule exocytosis, however, rab3 reassociates with a different population of vesicles, at least some of which are of endocytic origin. Because of its selective association with cortical granules in eggs and oocytes, we hypothesize that rab3 functions in cortical granule exocytosis. To test this hypothesis, we used a strategy of interfering with rab3 function by peptide competition with its effector domain, a conserved region within specific rab types. We first identified the effector domain sequence in Lytechinus variegatus eggs and find the sequence 94% identical to the effector domain of rab3 in Stronglocentrotus purpuratus. Then, with synthetic peptides to different regions of the rab3 protein, we find that cortical granule exocytosis is inhibited in eggs injected with effector domain peptides, but not with peptides from the hypervariable region or with a scrambled effector peptide. Additionally, effector-peptide-injected eggs injected with IP 3 are blocked in their ability to exocytose cortical granules, suggesting that the inhibition is directly on the membrane fusion event and not the result of interference with the signal transduction mechanism leading to calcium release. We interpret these results to mean that rab3 functions in the regulation of cortical granule exocytosis following vesicle docking.
INTRODUCTION
Cortical granules are oocyte-and egg-specific secretory vesicles whose contents function to create a permanent block to polyspermy. During oogenesis in sea urchins, cortical granules accumulate uniformly throughout the oocyte cytoplasm until maturation (Laidlaw and Wessel, 1994) , at which time the approximately 15,000 vesicles translocate en masse to the egg cortex and dock with the plasma membrane (Berg and Wessel, 1997) . Cortical granules remain docked at the egg plasma membrane until stimulated to exocytose at fertilization in response to increases in intracellular free calcium, resulting from signal transduction by sperm interaction with the egg. Thus, the sea urchin oocyte has widely separated the events of vesicle biogenesis, docking, and fusion, and since cortical granules are not recycled following secretion or produced at any other stage during development, selective study of each step in vesicle biology is possible. Moreover, formation of the fertilization envelope provides an obvious experimental indicator of successful cortical granule fusion with the egg plasma membrane.
Regulated secretion in eukaryotic cells is believed to be mediated through a series of protein interactions which are responsible for the correct trafficking, docking, and fusion of secretory vesicles with a target membrane. A convergence of investigations into the genetics of secretion in yeast (Ferro-Novick and Jahn, 1994) , cell-free reconstitution of intra-Golgi traffic (Rothman and Sö llner, 1997) , and the secretion of synaptic vesicles in the nervous system (Elferink and Scheller, 1995) has led to major advances in the identification of a family of conserved proteins involved in vesicle docking and fusion with a target membrane and the formulation of a mechanistic model for regulated secretion, the SNARE hypothesis (Rothman, 1994) . This hypothesis postulates that specific proteins on the secretory vesicle, v-SNARES, interact with cognate proteins on the target membrane, t-SNARES, to create a receptor for the soluble factors N-ethylmalimide-sensitive fusion factor (NSF) and soluble NSF attachment proteins (SNAPs), forming the fusion machinery complex. Binding studies in vitro have identified domains required for specific protein interactions between syntaxin, SNAP-25 (t-SNAREs), VAMP/ synaptobrevin (v-SNARE) , and the calcium binding protein, synaptotagmin (Calakos et al., 1994; Hayashi et al., 1994; Chapman et al., 1994; Kee and Scheller, 1996) , lending support to this model.
In addition to SNARE proteins, monomeric GTPbinding proteins known as rabs have been shown essential for vesicle targeting and fusion (Sü dhof, 1995; Pfeffer, 1994; Lledo et al., 1994) . Rabs interconvert between an inactive GDP-bound state and an active GTP-bound conformation as part of their lifecycle. Rab proteins have three conserved regions that together form the GTPbinding domain, a C-terminal hypervariable region which appears to act as a targeting signal (Chavrier et al., 1991) , and an N-terminal region which is thought to be important for membrane-membrane recognition and/or fusion (Steele-Mortimer et al., 1994) , probably by acting through downstream effector proteins. A growing number of rabs have been identified that localize to distinct intracellular compartments and function in several membrane trafficking pathways (Zerial and Stenmark, 1993) . Several possible roles for these different rabs include: (1) regulating SNARE protein interactions by priming the fusion machinery prior to docking, (2) mediating SNARE protein complex stability following docking, or (3) controlling the membrane fusion event. A variety of investigations have implicated a critical role for rab3a in stimulusdependent secretion in neuronal, endocrine, and exocrine tissue Richmond and Haydon, 1993; Oberhauser et al., 1992; Padfield et al., 1992; Davidson et al., 1993; Holz et al., 1994) . However, the exact step for rab3 function is unclear due to the dynamic nature of the secretory process (Bock and Scheller, 1997) .
Recently, homologs to syntaxin, synaptotagmin, VAMP/ synaptobrevin, and rab3 have been identified in the sea urchin egg (Conner et al., 1997) . In addition, studies using neurotoxins have implicated VAMP function in cortical granule exocytosis in the urchin; pretreatment both of eggs or in vitro "lawns" of cortical granules with tetanus toxin, known to cleave VAMP, prevents the exocytosis of cortical granules (Steinhardt et al., 1994; Bi et al., 1995; Avery et al., 1997) . In this study, we find that rab3 associates with cortical granules during oogenesis and is likely not a limiting regulatory factor of cortical vesicle translocation or docking. Instead, our evidence suggests that rab3 functions at least in the exocytosis of cortical granules following docking at the plasma membrane.
MATERIALS AND METHODS

Animals and reagents.
Adult Lytechinus variegatus were obtained from Scott Services (Miami, FL). Gametes were obtained as described (McClay, 1986) . Effector domain peptides were custom synthesized by two companies, W. M. Keck Foundation Biotechnology Resource Center (New Haven, CT) and Quality Controlled Biochemicals (Hopkinton, MA): VSTVGISFKVKTVFRQ; the scrambled effector domain, VFVSVTKQVSGRFTIK (Keck Foundation); hypervariable domain, CDKMSETIDTDQTLRPSTT (Quality Controlled Biochemicals), all resuspended in deionized water at 4.95 mM.
PCR and sequencing. The effector domain of the L. variegatus effector domain was PCR amplificed using primers based on the Strongylocentrotus purpuratus rab3 cDNA sequence: Sense, 5Ј-TTCCTCTTCCGATATGCAGACG-3Ј; antisense, 5Ј-CATAAGG-ATGAAACCCATAGCTCC-3Ј.
PCR products were cloned into pGEM-T (Promega Corp., Madison, WI) for sequencing by the Sanger chain termination method (Sanger et al., 1977) (Kodak, Rochester, NY) . Sequence data were assembled and analyzed using the University of Wisconsin Genetic Computer Group (UWGCG) sequence analysis package (Devereux et al., 1984) .
Injections. Eggs were placed in a Kiehart chamber (Kiehart, 1982) in artificial seawater (ASW; McClay, 1986) and injected with deionized water or peptides resuspended in water at the various concentrations indicated or affinity-purified polyclonal antibodies against rab3 in PBS. Injected eggs were then incubated at room temperature for 45-60 min, at which time the chamber ASW was replaced with ASW containing sperm (1:500), the calcium ionophore A23187 (1 g/ml) in ASW, or calcium-free seawater (CFSW; McClay, 1986) , or injected with 2 M inositol 1,4,5-triphosphate (IP 3 , Boehringer Mannheim, Indianapolis, IN) suspended in water generating a 28 nM IP 3 concentration in eggs as described (Turner et al., 1986 ). An oil droplet of dimethypolysiloxane (Sigma, St. Louis, MO) was coinjected into cells as a marker. Peptide injection volumes never exceeded 5% of the egg volume.
Antibody generation and purification for immunolocalization in vivo. To generate antibodies to the effector region of rab3, a partial rab3 protein was engineered using the nucleotide sequence repesenting amino acids 1-153 [DNKW . . . QLGL] of the rab3 cDNA clone (Conner et al., 1997) ligated into a pGEX-3C vector for fusion with glutathione S-transferase (GST) and transformed into BL21(DE3) cells for overexpression with 0.1 mM IPTG induction as described below. The resultant overexpressed protein was isolated from cell lysates by SDS-PAGE. Protein was then electroeluted and dialyzed extensively against deionized water and lyophilized. The rab3 fusion protein immunogen was resuspended in Freund's adjuvant, injected subcutaneously into New Zealand White rabbits every 3 weeks for 3 months. One week following the last boost, plasma was collected from the central ear artery (Harlow and Lane, 1988) . Resultant immunoreactivity to GST showed no detectable cross-reactivity in eggs or zygotes when used in immunoblot or immunolocalization assays.
To affinity purify antibodies against the rab3 effector region, the rab3-GST fusion protein was first isolated by affinity chromatog-raphy using glutathione-agarose beads (Sigma) as follows. Rab3-GST fusion protein-expressing BL21(DE3) cells were induced at 23°C with 0.1 mM IPTG for 3 h. Cells were then pelleted by centrifugation at 400 rpm for 10 min, resuspended in PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 ), lysed with high pressure using a French Press, and solubilized with 1% Triton X-100 for 30 min. Cellular debris was then pelleted at 10,000g at 4°C for 20 min. The resulting supernatant was passed over a glutathione-agarose column (Sigma) and the column was then washed with 10 column volumes PBS. rab3-GST fusion protein was specifically eluted with PBS containing 10 mM reduced glutathione (Sigma) and the purity of column elutant rab3-GST protein was verified by SDS-PAGE and immunoblot analysis. Affinity-purified rab3-GST protein was blotted to nitrocellulose in PBS and then blocked with preimmune sera for 10 min. The blot was then washed with PBS and incubated for 30 min with protein A-purified rab3 effector domain sera isolated as described (Harlow and Lane, 1988) which previously had been conjugated to the Cy3 fluorochrome using the Fluorolink CyDye labeling kit (Amersham Life Science, Arlington Heights, IL). The blots were then washed again with PBS and the Cy3-labeled antibodies were eluted from the nitrocellulose with 100 mM glycine (pH 2.5), dialyzed extensively against PBS, and concentrated to 2 mg/ml using Ultrafree-4 centrifugal filters with a 10-kDa cutoff (Millipore, Bedford, MA). Affinity-purified antibodies labeled with Cy3 were tested by immunolocalization in thick sections of eggs (see below) and shown to react specifically with rab3 sequences (rab3 expressed protein and effector peptides, but not scrambled peptides or nonrelevant proteins).
Immunolocalization assays in situ. Immunofluorescent localization was performed in whole mounts and on embryo sections that were fixed and processed as previously described (Laidlaw and Wessel, 1994) . The polyclonal antibodies against the rab3 C-terminal hypervariable domain (Conner et al., 1997) were diluted 1:50 (ϳ20 g/ml), the polyclonal antibodies against the rab3 effector domain were diluted 1:200 (ϳ5 g/ml), while the monoclonal antibody 4E4, against the cortical granule content protein SFE1, was diluted to 1:100 (ϳ10 g/ml). The secondary antibodies (FITC-conjugated goat anti-mouse IgG [Cappel, West Chester, PA] and lissamine rhodamine-conjugated affinity-purified Fab fragment goat anti-rabbit IgG [Jackson Immunoresearch Lab, West Grove, PA] for double labeling experiments, or Cy3-conjugated affinitypurified goat anti-rabbit IgG [Kirkegaard & Perry Labs, Gaithersburg, MD]) were diluted 1:20 -100 (ϳ1-5 g/ml). Egg and sperm pronuclei were visualized by preincubating eggs with Hoechst 33258 (Molecular Probes, Eugene, OR) at 50 M for 15 min before being loaded into the injection chamber for injection. Signals were recorded by epifluorescence with a Zeiss Axioplan or a Zeiss LSM 410 laser scanning microscope.
Tetramethyrhodamine-dextran endocytosis. Endocytosis experiments were performed according to Whalley et al. (1995) . In short, a 5% suspension of eggs was incubated in ASW containing 100 M tetramethylrhodamine-dextran (Rh-dex; mol wt 3000; lysine fixable; Molecular Probes) for 15 min. The egg suspension was then fertilized with sperm and 5 min later, a 0.5-ml sample was diluted in 15 ml ice-cold PKME buffer (50 mM Pipes, 450 mM KCl, 10 mM MgCl 2 , 5 mM EGTA, pH 6.7) and pelleted by centrifugation at 300g for 30 s at 4°C. The supernatant was aspirated and the sample pellet was resuspended in 10 ml ice-cold PKME. This was repeated twice and samples were then fixed with 4% formaldehyde in ASW for 1 h at 4°C and used for immunolocalization as described above.
RESULTS
rab3 Associates with Cortical Granules until Exocytosis
rab3 associates specifically with cortical granule membranes in the unfertilized egg ( Fig. 1 , Conner et al., 1997) . Although electron microscopic immunolabeling was unsuccessful, the association of rab3 with cortical granules is supported by its colocalization with monoclonal antibody 4E4 against SFE1 (Fig. 1F) , a cortical granule-specific content protein (reviewed in Wessel, 1997) . We asked if rab3 associates with cortical granules as they are produced during oogenesis, or just prior to cortical granule translocation to the cortex and docking with the egg plasma membrane. To distinguish between these two possibilities, coimmunolocalizations with an antibody to the hypervariable FIG. 1. rab3 associates with cortical granules in mature eggs and oocyte early in oogenesis. In oocytes (outlined to contrast the autofluorescence of the ovary somatic tissue), rab3 localizes to vesicles in the cytoplasm of oocytes (A) and is enriched at the cortex of mature eggs (D). The antibody used here was generated to the hypervariable region of rab3, though the antibody to the effector domain gives the same results (data not shown). Cortical granules (cgs) are visualized in the same samples with a cortical granule-specific monoclonal antibody 4E4 that recognizes a content protein SFE1 (B, E). Both images are overlayed to show colocalization of rab3 and SFE1 (C, F). Images visualized by indirect immunofluorescence using confocal microscopy. gv, germinal vesicle of oocyte; bar, 50 m.
region of rab3 and anti-SFE1 were performed in ovaries. We find that rab3 localizes to cortical granules throughout oogenesis (Fig. 1C) , indicating that the modifications necessary for rab3 association with membranes occurs early in oogenesis. Since rabs associate with membranes via their geranylgeranyl group which is covalently attached to their conserved C-terminal cyteines by a geranylgeranyl transferase (Magee et al., 1992) , it is possible that individual rabs cycle on and off the cortical granules. However, as a population, rab3 appears to be associated with cortical granules throughout oogenesis at levels comparable to that in the mature, unfertilized egg.
Immediately following cortical granule exocytosis at fertilization we find that, in addition to significant cortex localization, rab3 associates with different class(es) of vesicles. The major class of vesicles that rab3 associated with were between 1.5 and 2.2 m in diameter ( Fig. 2A) , a size similar to that reported by Whalley and colleagues (Whalley et al., 1995) . Such vesicles are associated with the massive membrane retrieval thought to compensate for the twofold increase in surface area resulting from cortical granule membrane fusion with the egg plasma membrane. We thus hypothesized that rab3 associates with endocytic, membrane retrieval vesicles following fertilization. To test this hypothesis, we incubated eggs in seawater containing rhodamine-dextran and following fertilization, when the zygote endocytoses rhodamine-dextran as reported (Whalley et al., 1995) , the cells were washed, fixed, and then probed with antibodies to the rab3 hypervariable domain (Conner et al., 1997) . We find that rab3 colocalizes with vesicles that have endocytosed rhodamine-dextran (Figs. 2D/2E; note in 2E; rab3 immunolabel is apparent peripheral to the endocytic vesicle content rhodamine-dextran). Since rab3 associates with cortical granules in developing oocytes, is present on docked cortical granules at the egg cortex, and then rapidly changes its membrane association following fertilization, we hypothesized that rab3 may function in cortical granule exocytosis.
The rab3 Effector Domain is Highly Conserved
To investigate the potential role of rab3 in cortical granule exocytosis, we isolated the homolog of the putative effector region from the sea urchin L. variegatus, whose eggs are preferred for microinjection studies here, using the recently identified rab3 cDNA sequence from S. purpuratus (Conner et al., 1997) . The L. variegatus sequence is very similar to that of the S. purpuratus, having only one amino acid difference in the region used for effector peptide production (94% identity) and 80% identical to rat rab3a effector sequence (Fig. 3, underlined region) .
The rab3 Effector Peptide Inhibits the Exocytosis of Cortical Granule in a Concentration-Dependent Fashion
Based on previous studies in permeablized cells where effector peptides induced exocytosis of secretory vesicles (Oberhauser, 1992; Law et al., 1993; Richmond and Haydon, 1993) , we anticipated that injection of the effector domain peptide into sea urchin eggs would induce the exocytosis of cortical granules. Instead we observed no indication of exocytosis upon injection of 218 M peptide even 60 min following injection (Fig. 4C) . Initially our assay for cortical granule exocytosis was fertilization envelope formation since the fertilization envelope derives from the exocytosis of cortical granule contents. We then tested if cortical granules of the injected eggs were still capable of exocytosis in response to sperm. Following insemination, 40% of the injected eggs did not give rise to a fertilization envelope (Table 1 and Fig. 4D ) even though sperm still bound and fused with the injected eggs as seen by Hoechst 33258 staining (Fig. 4E) . This verified that the eggs were still viable, fertilizable, and even polyspermic, consistent with their lack of a permanent block to polyspermy.
The effector peptide competes for rab3 function in a concentration-dependent fashion. Injection of 24 -48 M effector peptide had little effect on fertilization envelope formation when eggs were challenged with sperm (Table 1) . However, an increase in peptide injection to 63-145 M resulted in partial or incomplete formation of the fertilization envelope in 13% of the eggs, while 27% showed no fertilization envelope (Table 1) . At even higher concentrations of peptide, 218 M, the majority of eggs showed only partial (49%) or no fertilization envelope (40%). These numbers represent the cumulative totals from the injection of effector domain peptides synthesized from two independent sources (see Materials and Methods) to eliminate the possibility of artifacts due to peptide preparation. When eggs were instead injected with an effector peptide whose sequence was scrambled (218 M), the eggs were fully capable of cortical granule exocytosis, as seen by the normal formation of the fertilization envelope (Fig. 4B ), similar to that of an uninjected egg (Fig. 4B, egg without oil droplet) , or injection of a peptide sequence representing a different region of the rab3 protein, the hypervariable region (315 M; data not shown). This indicates that neither the injection, the peptide mass, or the peptide charge inhibits the ability of the egg to be fertilized or exocytose cortical granules and that inhibition of cortical granule exocytosis is specific for the rab3 effector domain.
Moreover, several processes related to fertilization are unaffected by peptide injections. When eggs are injected with effector peptides (218 M) and fertilized, we find that sperm fusion with the egg, pronuclear incorporation, and karyokinesis are unaffected (Fig. 5A , note the absense of a fertilization envelope). However, these embryos show abherrant cleavage patterns which may simply be the result of polyspermy in these embryos (see Fig. 4E ), or it may reveal an essential role for rab3 in regulating membrane dynamics in early embryogenesis. In addition to being blocked in their ability to exocytose cortical granules, some eggs injected with 218 M effector peptide fail to undergo cell division when fertilized, while karyokinesis continues (Fig. 5B ). Eggs injected with scrambled effector peptides (218 M) fertilize normally (Fig. 5C ), undergo proper cell division (Fig. 5D),   FIG. 3 . The rab3 effector domain is highly conserved. Top, schematic representation of the rab3 protein, indicating the three conserved GTP-binding domains (shaded), the effector domain, and the C-terminal hypervariable domain. Also indicated are regions of rab3 used for making antibodies to the effector domain (1) and hypervariable domain (2). Below, the predicted amino acid sequence comparison of the putative effector domain. The amino acid sequence used for peptide generation is underlined.
FIG. 4.
Cortical granule exocytosis, as seen by fertilization envelope (fe) formation, is prevented by injection of the rab3 effector peptide. Eggs were injected with either a 218 M scrambled rab3 effector domain peptide (A) or 218 M rab3 effector domain peptide (C). Injected eggs are distinguished with an oil droplet which is coinjected with the peptide solution. After addition of sperm, the scrambled peptide-injected eggs (B, left) form a normal fertilization envelope, compared with uninjected eggs (B, right). Fertilization envelope formation is inhibited in eggs injected with the rab3 effector peptide (D), assayed 3-5 min after fertilization. Fertilization of the rab3 effector domain peptide-injected egg was verified by Hoechst 33258 staining which shows both the female pronucleus (pn) and two sperm pronuclei (E). Bar, 50 m. and develop into normal larvae (Fig. 5E ). These observations suggest that peptide injections do not have global adverse effects on general cell functions.
As an alternative approach to test rab3 function in cortical granule exocytosis, we microinjected affinitypurified polyclonal antibodies, raised to a region encompasing the rab3 effector domain and covalently conjugated with the fluorochrome Cy3. We find that these antibodies failed to localize when injected into eggs (Figs. 6A and 6E) , as seen by a diffuse fluorescence pattern. Not surprisingly, these antibodies also had no effect on cortical granule exocytosis as seen by the formation of the fertilization envelope at fertilization (Fig. 6B) . This observation suggests that the effector domain epitope is masked in vivo and is not accessible to injected antibodies. However, immediately following fertilization, an in vivo immunolocalization signal is seen at the site of sperm fusion (Figs. 6B and 6F, note sperm tail in inset) associated with the fertilization cone and is significantly lost within 5 min (Figs. 6C and 6G). Additionally, roughly 10 min postinsemination, rab3 immunolocalization is observed in association with vesicles which lie directly beneath the plasma membrane (Figs. 6G and 6J), consistent with the endocytic vesicles observed in embryos exposed to rhodamine-dextran (Fig. 2) . This approach, while not allowing us to test rab3 function in cortical granule exocytosis, suggests that rab3 cycles between a masked and an accessible state that is triggered at fertilization.
The role of calcium is well established in cortical granule exocytosis (reviewed in Shen, 1995) even though the signal transduction steps from sperm binding to calcium release in the egg are not completely understood. To test if the effector peptide could be artifactually blocking cortical granule exocytosis by interfering with the signal transduction pathway leading to Ca 2ϩ release, eggs were injected with 218 M effector peptide, allowed to incubate for 60 min (Fig. 7C) , and then injected with a secondary messenger IP 3 , to bypass any signal transduction steps leading to the release of intracellular calcium stores. When challenged with levels of IP 3 (28 nM) previously demonstrated to induce cortical granule exocytosis (Turner et al., 1986) , 100% of the eggs showed inhibition: 58% of injected eggs (n ϭ 7) did not exocytose cortical granules, as assayed by fertilization envelope formation (Fig. 7D) , while 42% Note. Eggs were injected with peptide and allowed to incubate for 60 min at room temperature. Sperm was then added at 1:500 -1000 dilution to assay fertilization envelope formation. Injection of water alone, the rab3 hypervariable domain, or the scrambled effector peptide does not inhibit FE formation. Inhibition of FE formation is observed with injection of increasing concentrations of rab3 effector domain peptide, assayed 3-5 min following fertilization. These numbers represent the cumulative results of injecting effector peptides obtained from two sources (see Materials and Methods). Injection volumes never exceeded 5% of the egg volume.
FIG. 5.
Fertilization events are unaffected by rab3 effector peptides. In the majority of cases, effector peptide (218 M)-injected eggs undergo cell division (see Results for comments on abnormal cell division) even without exocytosing cortical granules at fertilization (A), arguing that sperm-egg fusion has occurred, male and female pronuclei have fused, and that karyokinesis has happened. In some cases, however, effector peptide-injected eggs do not divide, but continue to undergo karyokinesis as seen by the accumulation of multiple nuclei in a single cell (B, arrowheads). Eggs injected with effector peptides (218 M) whose sequence has been scrambled fertilize and give rise to a normal fertilization envelope (C, fe), undergo cell division identical to uninjected cells (D), and develop into feeding larvae (E). pfe, partial fertilization envelope; bar, 60 m.
showed partial inhibition. All eggs (n ϭ 7) injected with 218 M scrambled effector peptide gave rise to a complete fertilization envelope when subsequently challenged with IP 3 . This suggests that inhibition of exocytosis is not a result of the effector peptide interfering with a signal transduction pathway leading to Ca 2ϩ release, but that rab3 functions downstream of calcium release.
We then asked if the block to cortical granule exocytosis could be overcome by superphysiological calcium levels. To address this, eggs were once again injected with 218 M effector peptide and then exposed to the Ca 2ϩ ionophore A23187 in the presence of 10 mM calcium in the seawater. In these experiments, cortical granules did exocytose, but they showed a significant delay in cortical granule secretion compared to uninjected eggs or to those injected with the scrambled effector peptide (Fig. 8) . Over 70% of injected eggs exposed to ionophore in the presence of 10 mM FIG. 6. rab3 effector domain is masked in vivo in the unfertilized egg. Affinity-purified rab3 effector domain polyclonal antibodies labeled with Cy3 were injected into eggs and fail to localize to cortical granules (A, E). In vivo immunolocalization becomes apparent in confocal sections at the site of sperm entry (B, F, note the fertilization cone and sperm tail, inset arrow), but rapidly disappears within 5 min (C, G). rab3 also becomes accessible about 10 min postinsemination in association with vesicles at the cortex of the single-celled embryo (D, H). Bar, 60 m.
FIG. 7.
rab3 functions downstream of calcium release. Eggs were injected with either 218 M scrambled or effector peptides and incubated for 60 min (A, C). After incubation, the eggs were then injected a second time with 28 nM IP 3 to induce the cortical reaction (B, D). Injected eggs were marked for coinjection with an oil droplet (arrowheads). fe, fertilization envelope; bar, 60 m.
FIG. 8.
The effector peptide block to cortical granule exocytosis can be overcome by nonphysiological levels of calcium. Eggs injected with 218 M effector domain peptide were incubated for 60 min and then exposed to the calcium ionophore A23187 in the presence or absence of Ca 2ϩ . Times indicate the period required for complete fertilization envelope formation under the various conditions tested. ASW, artificial seawater; CFSW, calcium-free seawater. calcium took 2-5 times longer for complete exocytosis than uninjected eggs or those injected with the scrambled effector peptide. Even greater delays (7-8 times longer) in cortical granule exocytosis were observed in 50% of injected eggs exposed to ionophore in the absence of calcium in the seawater. This argues that disruption of rab3 function by effector peptide competition can be overcome, but it requires superphysiological Ca 2ϩ concentrations. To visualize the inhibition of the rab3 effector peptide on cortical granule exocytosis directly, we fixed the experimental zygotes and probed them with an antibody against the v-SNARE, VAMP, a transmembrane protein found specifically on cortical granule membranes in the unfertilized egg ( Fig. 9A ; Conner et al., 1997) and in the plasma membrane following cortical granule exocytosis (Fig. 9B) . Those embryos showing partial envelope formation display patches of cortical granules that have not fused with the plasma membrane (Figs. 9C-9E) . In Figs. 9C/9D, large patches of nonexocytosed cortical granules remain at the egg cortex. Greater magnification reveals a striking contrast between regions where cortical granules have fused creating a continuous membrane resulting in plasma membrane immunolabel, and a region where cortical granule exocytosis has been inhibited (Fig. 9E ). Injected eggs with no fertilization envelope formation displayed unexocytosed cortical granules surrounding the cortex of the egg (data not shown), similar to the unfertilized egg (Fig. 9A) . Likewise, eggs injected with effector peptides and then fixed and labeled with an antibody against the rab3 hypervariable region display unexocytosed cortical granule immunolabeling identical to controls. This suggests that the effector peptide does not dissociate endogenous rab3 from the cortical granule membrane (data not shown) nor does the effector peptide dislodge or undock cortical granules from the plasma membrane.
DISCUSSION
The sea urchin egg is unusual in that the entire population of 15,000 secretory cortical granules moves en masse to the plasma membrane at oocyte maturation (Berg and Wessel, 1997) and remains docked at the plasma membrane for weeks. However, within seconds following sperm contact, these docked vesicles exocytose, the contents of which function to block polyspermy and to create an extracellular environment for embryonic development. Premature exocytosis of cortical granules would reduce the chance of a successful fertilization event, resulting in lethality of the cell. Even the sporadic exocytosis of synaptic vesicles in a motor neuron (minispikes) would be unacceptable to an egg since these events would accumulate over weeks. Thus, the sea urchin egg has probably evolved mechanisms to ensure proper cortical granule exocytosis. Accumulating evidence suggests that SNARE proteins participate in cortical granule docking and fusion (Steinhardt et al., 1994; Bi et al., 1995; Avery et al., 1997; Conner et al., 1997) . Here we show that the GTP-binding protein, rab3, may also function in cortical granule exocytosis and since cortical granules are docked at the plasma membrane in sea urchin eggs, our evidence suggests that rab3 functions following vesicle docking. The fact that sea urchin cortical granule biogenesis, translocation, docking, and fusion are separated into discrete steps allows us to define this mechanistic step.
rab3 associates with cortical granules throughout oogenesis and from this we conclude that rab3 association with the cortical granule membrane must not be the limiting step in cortical granule competence to translocate and/or to dock with the egg plasma membrane. Moreover, rab3 function in cortical granule exocytosis may not be the sole function of this molecule in the egg. Since cortical granules have been postulated to arise from the coalescence of small, electron-dense vesicles from Golgi saccules (Anderson, 1968) , it is possible that rab3 regulates the fusion of vesicles during the biogenesis of cortical granules early in oogenesis and later functions in regulating their fusion with the plasma membrane at fertilization.
Does rab3 function as a positive or negative regulator of cortical granule exocytosis? A role as a negative regulator of vesicle secretion in the egg is in agreement with the findings that overexpression of rab3a (Holz et al., 1994) or microinjection of purified mutant proteins into bovine adrenal chromaffin cells inhibits calciumdependent exocytosis. Davidson et al. (1993) found Ca 2ϩ -dependent and independent inhibition of luteinizing and growth hormone exocytosis in permeablized pituitary cells exposed to the rab effector domain. Additionally, the observation that perfusion of rab3a into adrenal chromaffin cells delays catecholamine secretion (Lin et al., 1996) and electrophysiological analysis of neurotransmitter release in rab3a-deficient mice (Geppert et al., 1997) concurs with rab3a function in the final steps of regulated secretion. However, rab3 as a negative regulator contrasts several findings that the effector domain acts to stimulate exocytosis in mast and pancreatic cells (Oberhauser et al., 1992; Padfield et al., 1992; Olszewski et al., 1994) . Several possible explanations may resolve these differences: (1) The present study tests rab function on docked vesicles, while in other systems the observed stimulatory effect may be acting as well on undocked secretory vesicles to stimulate docking and fusion complex formation. The time course of secretion in several studies for the stimulation of exocytosis is on the order of 3-30 min which would be consistent with effector peptide action on a cytoplasmic population of secretory vesicles. In the present study no effect was observed in the egg even after 60 min. (2) Permeablized cells may respond differently to the effector domain than an intact cell. The present study uses live cells that retain their fertilization potential. (3) rab3 may simply be functioning differently in various cell types, acting either stimulatory or inhibitory, depending on the downstream targets; i.e., rab3 may simply be involved in signal propagation, transducing a series of protein-protein interactions essential for vesicle fusion, the consequences of which would depend on the type or amount of effector proteins. Of all the cell types examining rab3 function, the egg used in the present study is the only nonsomatic cell examined so far.
What factors regulate rab3 function? Several proteins have been shown to associate with rab3 and include: (1) a cytosolic protein doublet REEP-1 and -2 identified by their ability to be specifically cross-linked to the rab3a effector domain peptide (Olswekski et al., 1997) , (2) the guanyl exchange factor MSS4, found to form a stable complex with rab3 and enhance neurotransmitter release when injected into squid nerve terminals (Burton et al., 1997) , and (3) RIM, a GTP-bound rab3-interacting molecule found by a twohybrid screen and thought to regulate synaptic vesicle fusion in a rab3-dependent fashion (Wang et al., 1997) . In addition, a calcium binding protein, rabphilin 3a (Takahashi et al., 1995) , was recently shown to be involved in cortical granule exocytosis in the mouse egg (Masumoto et al., 1996) . With the apparent conservation between mouse and sea urchin cortical granules, rabphilin3 is likely to interact with rab3 in sea urchin eggs. Since calcium appears to influence both rabphilin3 and synaptotagmin, the latter recently shown to be associated with cortical granules in sea urchin eggs (Conner et al., 1997) , the regulation of cortical granule exocytosis may involve two calciumsensitive steps.
Surprisingly, we also found that rab3 associates with endocytotic vesicles following fertilization. Although rabs function at all steps of vesicle dynamics in a cell, a function in endocytosis is normally reserved for other members of the rab family, especially rab4, 5, 7, and 9 (Pfeffer, 1994) . Since overlapping functions of different rabs are common, perhaps rab3 in eggs functions also in the massive membrane retrieval not necessary in somatic cell exocytotic events. According to current models, rabs are released from their associated membrane following vesicle fusion and reassociate with another membrane via cytosolic intermediates (Novick and Zerial, 1997) ; thus we cannot definitively determine if the rab3 associated with endocytic vesicles was derived directly from the cortical granule membrane. Alternatively, it is possible that rab3 molecules that have not functioned in cortical granule exocytosis may just remain in association with membrane at the cortex and are nonselectively carried into endocytotic events following fertilization. This observation suggests that only a small fraction of rab3 functions in exocytosis of cortical granules, and the remaining rab3 is internalized not by cytoplasmic intermediates, but by the membrane retrieval process. We do not, however, believe that this is the case since syntaxin, VAMP, and synaptotagmin of the egg (Conner et al., 1997) are not found on endocytic vesicles immediately following fertilization. Thus, we believe that this membrane retrieval is selective and that the rab3 association with endocytic vesicles may be a functional association.
Regulated secretion is mediated by two nucleotide hydrolyses: (1) the hydrolysis of ATP by NSF (Whiteheart et al., 1994) and (2) hydrolysis of GTP by a member of the rab family . The general ordering of these two events is unclear, but with results presented here and the observation that rab3 associates with docked cortical granules, thought to be in a GTP-bound state, we believe that GTP hydrolysis follows vesicle docking. Accumulating evidence suggests that NSF action is required to prime SNARE proteins for vesicle docking (Nichols et al., 1997; Mayer, 1996) , but that ATP hydrolysis is not required for the actual fusion event. Additionally, Mayer and colleagues (1996) provide evidence that supports the role of a rab homolog downstream of NSF function by using inhibitory antibodies in an in vitro yeast vacuole fusion assay. This is consistent with the observation that docked cortical granules of the sea urchin do not require NSF for exocytosis in the urchin egg (T. Whalley, personal communication). Furthermore, isolated cortical granules attached to the egg plasma membrane require only Ca 2ϩ to stimulate the fusion reaction and no other soluble factors (Crabb and Jackson, 1985) . However, rabs also appear to be required for the assembly of the SNARE complex (Søgaard et al., 1994) , functioning to displace a Sec1 family member allowing complex formation (Vladimir et al., 1997) . Based on evidence presented here, we propose that in addition to functioning in SNARE complex formation, rab3 functions downstream of NSF and following the docking step of cortical granules with the egg plasma membrane.
